Phase transition during crystallization of glass to glass-ceramic in system P 2 O 5 -CaO-Nb 2 O 5 -Na 2 O was studied. Several heating rates were compared -1, 2, 5, 11 and 20ºCmin -1 . DTA, XRD, FTIR and Raman analyses were performed. Niobophosphate glass-ceramic is found to form utterly different crystalline phases depending on maximal heating temperature, heating rate and time of maximal temperature maintenance. Crystallization temperatures of the same phases are strongly dependent on heating rate, while crystallinity of obtained phases is not. At lower temperatures poorly crystalline phosphates (Ca 3 (PO 4 ) 2 , Ca 10 Na(PO 4 ) 7 , Ca 2 P 2 O 7 ) and niobates (NaNbO 3 and Nb 2 O 5 ) are identified. At higher temperatures a large amount of well crystalline niobophosphate (Na 4 (Nb 8 P 4 O 32 ) and Ca 2 P 2 O 7 forms. With increasing amount of Na 4 (Nb 8 P 4 O 32 ), amount of NaNbO 3 and Nb 2 O 5 decreases.
Introduction
Phosphate glasses are soluble and bioactive, it can be used as bone substitute material. Niobium phosphate glass and glass-ceramic has a wide range of applications because properties of niobophosphate materials are strongly dependent on crystalline phase composition. Composition of niobophosphate glass-ceramic can be chemically resistant and not crystallizing in long term [1] or as in our case soluble and bioactive [2, 3] . Niobophosphates have high mechanical strength -120 MPa and it exhibits good bone adaption to the implant with time [2] . Addition of sodium oxide increases solubility necessary for better bioactivity [2, 4] .
Differential thermal analysis (DTA) is a popular method for detecting temperatures of phase transfer. Temperature increasing rate for DTA should be chosen carefully to gain suitable peak resolution. [5] . But in case of studying crystallization by DTA the crystallization dependency on time should be considered as well. The aim of this study is to investigate phase transition during glass to glass-ceramic crystallization in system P 2 O 5 -CaO-Nb 2 O 5 -Na 2 O at various crystallization rates and maximal temperatures.
Methods
Niobium phosphate glass was obtained in system P 2 O 5 -CaO-Nb 2 O 5 -Na 2 O where Na 2 O is 8 mol%. Batch of glass was slowly melted in an electrical furnace in alumina crucibles [2] . The obtained glass frit was milled in ball mills. Samples were prepared from glass powder with grain size less than 50 μm (laser particle sizer Analysette 22 NanoTec (Fritsch GmbH)).
Differential thermal analyses were performed to detect glass transition and crystallization temperatures. Several temperature increasing rates were compared -1, 2, 5, 11 and 20ºCmin -1 . Heat treatment temperatures for sample preparation were defined according to DTA exothermal peaks, because exothermal peaks at temperatures between glass transition and melting can be related with crystallization. The aim of annealing was to detect phase transition in glass-ceramic and to identify crystalline phases corresponding to each DTA peak.
X-ray diffraction (XRD) data was collected on a PANalytical X'Pert Pro diffractometer. Cu Kα1 radiation was used, time per step was 50 s, step size 0.050º2Θ, irradiated length 7 mm. X'Pert Highscore software and PDF-2 database were used for phase identification. For crystallization study the glass powder was compacted uniaxialy in pellets with diameter 10 mm and weight 0.32 g. Electrical furnace was used for annealing.
Raman spectra were measured at room temperature (20 o C) through 50x microscope objective using Renishaw inVia micro-Raman spectrometer equipped with argon laser.
Results and discussion
The DTA curve has several exothermal peaks at each heating rate. The intensity and temperature corresponding to maximums of these peaks are strongly affected by heating rate (Fig. 1) . At heating rate 1ºCmin -1 three exothermal maximums can be easily distinguished (690ºC, 750ºC and 790ºC) while at 11ºCmin -1 there are two significantly intensive peaks (795ºC and 867ºC) and two much less intensive (730ºC and 815ºC). It can be observed that for all heating rates peaks are similarly broad ~ 20 degrees at half height and the T2 peak is a bit sharper than T1. At rate 1ºCmin -1 it can be observed that after T2 peak there is a shoulder that indicates of continuing phase transition. a b Fig.1. (a) DTA curve at different heating rates 1ºCmin -1 and 11ºCmin -1 ; (b) 1 st and 2 nd crystallization temperature dependence of temperature increasing rate.
As the profile of DTA curve differs a lot depending on heating rate, annealing temperatures were chosen at various temperature increasing rates. A series of experiments were done at rates 1ºCmin -1 , 5ºCmin -1 and 11ºCmin -1 and starting to quench at the same moment when maximal temperature is reached, the second series were done at the same temperature increasing rates, but held for a longer time under maximal temperaturefrom 5 till 120 min.
The first exothermal peak (690ºC at 1ºCmin -1 and 750ºC at 11ºCmin -1 ) corresponds to the beginning of nucleation, even holding for 120 min shows XRD pattern with only one peak, that can be interpreted as vestige of texturation of crystallites as this composition is tending(tends) to crystallize from specimen surface.
The next peak marked as T1 at Fig. 1 corresponds to crystallization. At all rates calcium phosphates are found to crystallize as first. The identification of first crystalline phases is not absolute as crystallinity is low. The FTIR analysis for poorly crystalline samples indicates bond in phosphate region, while XRD for poorly crystalline materials has wide and unintensive peaks that leads to low compatibility with reference patterns. The highest compatibility score is found with (Ca 3 (PO 4 ) 2 and Ca 10 Na(PO 4 ) 7both have similar patterns and a presence Ca 2 P 2 O 7 is possible. At this temperature Nb 2 O 5 and NaNbO 3 also crystallize. The identification of these phases is hindered because of having few characteristic diffraction maximums in addition to overlapping with phosphate diffraction peaks. The most significant peak is one at ~22.7º2Θ. The Nb 2 O 5 (ref.code 00-030-0873) has an intensive peak at 22.6º2Θ and NaNbO 3 The DTA peak marked with T2 corresponds to crystallization of niobophosphate bronze Na 4 (Nb 8 P 4 O 32 ) and Ca 2 P 2 O 7 . By increasing the amount of Na 4 (Nb 8 P 4 O 32 ) the Nb 2 O 5 and/or NaNbO 3 peak at 22.7º2Θ decreases while the amount of diphosphate is constant (see Fig.3 .).
Raman spectra shows that major phase is Na 4 (Nb 8 P 4 O 32 ), the peak profile of our raman spectra fits to the reference spectra of Na 4 (Nb 8 P 4 O 32 ) shown by Smogor et al [6] . 
